Abstract-Spatial complementary code keying modulation (SC-CKM) is proposed as a novel block coding modulation scheme. An input binary sequence is modulated based on the different lengths of complementary code keying (CCK) modulation and then spread across the transmit antennas (spatial domain) in a multiple input multiple output (MIMO) system exploiting orthogonal frequency division multiplexing (OFDM). At the receiver side, zero forcing equalization is applied to the OFDM modulated data to mitigate the effect of the multipath fast fading channel and then followed by maximum likelihood (ML) detection to retrieve the input sequence. The performance of SCCKM in different MIMO systems is compared to that of spatial modulation (SM) as a baseline scheme. Simulation results show that for the same spectral efficiency, SCCKM is able to substantially improve the bit error rate (BER).
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I. INTRODUCTION

T
He increasing demand for a seamless wireless link with ubiquitous coverage and higher data rate is causing rapid growth of data traffic. Taking into account the limited RF spectrum, such data deluge motives to conduct further research to deliver more robust modulation, forward error coorection (FEC) and equalization techniques that can boost the performance over the physical layer. Significant progress on modulation and coding techniques have been achieved, many of which have been implemented in industry. However, despite of such progress, there is an inevitable need for new coding and modulation techniques that are more invulnerable to the channel impairments and interference.
Spatial modulation (SM) [1] [2] [3] has been proposed as a modulation scheme which aggregates the spectral efficiency and mitigates the interference in a MIMO system. The scheme is based on simultaneous use of modulation symbol and transmit antenna number index as specific combinations to form sets of codes that will be distributed across the antennas [3] . SM maps the data stream to unique combinations of a constellation symbol (according to modulation scheme) and an index number of one transmit antenna as two data units to carry the information, allowing an implicit transmission of n extra bits per OFDM sub-channel where n equals log 2 N t and N t is the number of transmit antennas. Additional spatial multiplexing gain, no need for transmit antenna synchronization, and avoiding inter channel interference (ICI) are its key achievements.
Proposing more robust and spectrally efficient transmission techniques for MIMO systems, spatial complementary code keying modulation (SCCKM) is an appealing scheme by acquiring the characteristics of complementary sequences. Complementary sequences [4] are promising set of codes that profit from impulse response shaped auto-correlation function. Indeed, the summation of the auto-correlation functions of any two complementary sequences for any non-zero shift is zero, enhancing the system's resistance against inter-symbolinterference (ISI). Complementary sequences establish the basis of complementary code keying (CCK) modulation which was first introduced as an 8-bit (chip) spreading sequence representing one symbol in IEEE802.11b [5] [6] offering a chip rate of 11 Mchps, and has been able to increase the data rate to 5.5Mbps and 11Mbps in an spread spectrum system [7] . Fig.  1 shows the correlation properties of both complementary and 8-bit CCK codes. For further study on CCK modulation can refer to [8] [9] [10] . CCK codewords can be of various lengths, however, we only study length two, four and eight, leaving other lengths for future study. We further introduce a novel spatial modulation scheme by applying CCK modulation to the spatial domain known as SCCKM where CCK codewords are embedded across transmit antennas in a MIMO system. The rest of this paper is organized in the following manner. In Section II, we concisely discuss complementary and polyphase complementary sequences and then derive length two, four and eight CCK codes and discuss their properties. In section III, we present SCCKM and illustrate how CCK modulation is applied to a MIMO-OFDM system. In Section IV, the performance of a SCCKM is studied and compared to that of SM. Conclusions are drawn in Section V.
II. COMPLEMENTARY CODE KEYING MODULATION
A. Complementary and Polyphase Complementary Sequences
Complementary sequences [4] as core of CCK modulation, are set of codes for which the sidelobes of auto-correlation functions of any two complementary pair summate to zero. They consist of non-complex elements and are generated based on the following kernel. Considering the two primary sequences can be constructed using M k = N k−1 N k−1 and N k = M k−1 N k−1 whereN denotes the complement of the sequence N . Polyphase complementary sequences [11] are similar with the difference that they are made up of complex elements [12] . Elements of a polyphase sequence have unit magnitudes with associated phase of θ and generated as presented by (1) . It is worth noting that phase recognition and accordingly (1) play central role in generation of CCK codewords [12] . This will be realized in the sequel as generation of different lengths of CCK modulation are discussed.
B. Two Bit CCK Modulation
The 2-bit CCK modulation takes a sequence of 2 bits as the input stream. Two bits refer to two phases as shown in matrix (2) and for sake of symmetry, they are determined as (0, π). There are four phase combinations which are exploited by (2) to derive the four 2-bit CCK codewords, noting that each phase combination corresponds to one CCK codeword. Table. I shows the computed 2-bit CCK codwords.
C. Four Bit CCK Modulation
The 4-bit CCK modulation takes 4 bit sequences as the input data stream. The matrix shown in (3) represents the phase arrangement associated with 4-bit CCK codewords which involves three phases. To maintain the symmetrical nature of the modulation, the three phases are evenly distributed in the constellation diagram and are specified as (0, 2π/3, 4π/3). (4) is then used to obtain the 4-bit CCK codewords and demonstrates how the three phases presented in (3), are fundamental to 4-bit CCK modulation.
Considering the three phases, there are twenty seven phase combinations and accordingly twenty seven 4-bit CCK codewords computed by (4).
To maintain the one-to-one correspondence between the possible sixteen 4 bit binary input data streams and the generated 4-bit CCK codewords, the optimum subset containing only sixteen 4-bit CCK codewords is specified in three stages. In first stage, an statistically large number of random subsets where each contains sixteen 4-bit CCK codewords are selected. In second stage, the four dimensional Euclidean distance between all sixteen pairs of all subsets are computed. This stage narrows down the number of appropriate subsets by choosing the subsets that maximize the minimum Euclidean distance. In the last stage, the number of times that the specified minimum Euclidean distance exists within all remained subsets is counted and the subset that contains the least number of the specified minimum Euclidean distance between its pairs is selected as the sub-optimum 4-bit CCK codeword as represented in (5) . 
The input data stream will be divided into streams of 4 bits and then arbitrarily modulated to 4-bit CCK codewords presented in (5) which will be spatially distributed across antennas.
D. Eight Bit CCK Modulation
The 8-bit CCK modulation has been previously implemented in IEEE802.11b [6] . The 8-bit CCK modulation splits The four phases associated with 8-bit sequence are formulated in the matrix shown in (6) which clearly demonstrates how the elements of (7) are constructed [12] . Inspection of (7) demonstrates that each of its elements is indeed an exponent that is powered to the sum of the phases forming columns of the matrix given in (6) [12] . The minus sign of fourth and seventh elements follows the rule discussed in generation of complementary sequences. The 8-bit CCK modulated codewords are shown in table IV.
8-bit CCK modulation generates 256 different codewords where 64 codewords are distinctively orthogonal. This orthogonality property results in low cross-correlation and consequently efficient interference mitigation which allows the simultaneous transmission by multiple antennas in a MIMO system.
E. Minimum Distance Between Complementary Codes
As discussed earlier, in order to minimize the bit error probability, it is required to maximize the Euclidean distance which highly impacts the performance of CCK modulation [12] . In following, the minimum Euclidean distance achieved by different CCK modulations considering their lengths and associated phases are derived.
For a complementary code of length N , there will be additional log 2 N orthogonal codes together forming a subset of length 1+log 2 N . Considering there are M phases associated with each code, the number of bits per codeword will be (1+ log 2 N ) × log 2 M and hence 1 + N/2 symbols suffice to obtain the 1+log 2 N required number of phases through 1+log 2 N phase equations where each phase is used in N/2 of phase equations. The minimum Euclidean distance between any two codewords is given in (8) considering that the least phasor rotation between N/2 symbols is 2π/M . Having computated the Euclidean distance for all 2-bit ,4-bit and 8-bit CCK codwords, it is perceived that 8-bit CCK modulation profits from maximum Euclidean distance among its corresponding codewords in comparison to 2-bit and 4-bit CCK modulations. This considerably lowers the bit error probability which consequently improves the data rate.
III. SPATIAL COMPLEMENTARY CODE KEYING MODULATION
The matrix B(k) of size m × N sub denotes the input binary sequence intended for transmission through the channel where m varies according to the order of CCK modulation and N sub refers to the number of OFDM sub-channels. CCK modulation is applied to the columns of B(k) where each column will be block coded to generate CCK codewords of accordingly desired length (two, four and eight). The generated CCK codewords will be spatially spread across the transmit antennas proposing the SCCKM scheme. The matrix C(k) is the output of SCCKM which is of dimension N t × N sub and N t is the number of transmit antennas. A bank of OFDM modulators are placed at the transmitter side where OFDM is applied to each row of C(k). The OFDM modulated vectors will be simultaneously transmitted by N t transmit antennas across the time-variant wireless channel where additive white Gaussian noise and fading will degrade the signal.
The channel is represented by the block matrix H(τ, t) which is of dimension N r ×N t and N r is the number of receive antennas. Each channel element is a vector of size 1 × p and p represents the number of channel coefficients between each transmit-receive pair.
OFDM demodulation will be applied to rows of the received signal matrix R(t) using the N r demodulators at the receiver. The output from OFDM demodulation R(k) is a matrix of size N r × m. To lessen the effect of the channel impairments, the output from OFDM demodulation is equalized in the frequency domain by applying the zero forcing (ZF) equalization to each of its column vectors (More effective equalization techniques like minimum mean square (MMS) are left for future study). Note that k represents the discrete time index. The equalization process is performed on a sub-channel basis which requires the channel corresponding to each subchannel. It should be mentioned that for non-symmetrical MIMO systems, the pseudo-inverse is implemented for ZF equalization. The equalized data stream will be divided into sub-streams received on each sub-channel, and the Euclidean distance between the sub-stream received on each sub-channel and contents of the CCK codebook (which consists of all the generated CCK codewords) will be computed. In this scenario, the CCK codebook consists of L = m 2 CCK codewords. The codeword E(k) resulting in minimum Euclidean distance will be opted as desired one. The opted codeword will then be de-mapped to the corresponding data sequence. The cross-correlation properties of CCK codes mitigate the impact of inter-antenna interference and dismiss the need for inter-antenna synchronization. This allows simultaneous transmission by all antennas on each subcarrier and hence achieving spatial multiplexing gain.
X(t) and N(t) present the matrix of OFDM symbols and the matrix of the additive white Gaussian noise (AWGN), respectively and ⊗ denotes convolution in time domain.
d 2 (c j , s i ) refers to the squared Euclidean distance between the received signal s i on each sub-channel and each content of the CCK codebook c j . E i presents the CCK codeword with minimum Euclidean distance associated with i th sub-channel.
IV. SIMULATION
We consider different MIMO systems and transmit 1000 frames where each contains 20 OFDM symbols. The channel is assumed to be a time-variant frequency-selective multipath channel with a maximum delay spread of 50 ns. The multipath channels are assumed to be statistically independent. The noise is a temporally and spatially additive white Gaussian one. It is assumed that full knowledge of the channel is available at the receiver with perfect time and frequency synchronization. The normalized signal-to-interference-plus-noise ratio (EbN0) is used. Table. V summarizes the simulation parameters. Fig.3 illustrates the performances of 2-bit SCCKM and SM. The number of transmit antennas is kept at 2 while using 2, 4 and 8 antennas at the receiver. It is realized that spatial diversity at the receiver side has a substantial impact on the performance of both schemes. However, this impact is further boosted in SCCKM. At EbN0 of 10 dB, increasing the number of receive antennas from 2 to 4 and 4 to 8 lowers the BER by ∼ 38.46x and 183.59x in SCCKM and ∼ 12.65x and 51.02x in SM-BPSK. In a 2x8 MIMO, the starting BER of SCCKM is also ∼ 3.52x lower than SM-BPSK. Fig.4 shows that in a 4x4 MIMO (employing the same number of antennas at both transmitter and receiver sides), 4-bit SCCKM outperforms the SM. The SCCKM has a higher spectral efficiency as it transmits 4 bits per sub-channel comparing to SM-BPSK which sends 3 bits. SCCKM and SM-4QAM offer the same spectral efficiency. However, at EbN0 of 10 dB, the SCCKM is capable to achieve ∼ 1.6x lower BER than SM-4QAM. As pointed earlier, increasing the number of receive antennas leverages spatial diversity which would improve the performance of both SM and SCCKM schemes. 4x8 MIMO system. It is clearly seen that at EbN0 of 9 dB, 4-bit SCCKM reaches the BER of 0.06 × 10 −4 in comparison to BER of 0.07 × 10 −2 achieved by SM-BPSK and SM-4QAM. This suggests that while SM offers a lower spectral efficieny (SM-BPSK transmits 3 bits per sub-channel), it yet requires further increase in signal power to reach the same BER. Fig.5 shows the performance of 8-bit SCCKM in a 8x16 MIMO system. Achieving the BER of 10 −7 at BER of less than 8 dB clearly demonstrates the unique performance of 8-bit SCCKM. SM-BPSK only achieves the BER of 10 −3 at EbN0 of 8 dB. This performance is partly due to spatial diversity at the receiver using 16 antennas, and partly due to the point that 8-bit SCCKM has got the best correlation properties in terms of least cross-correlation comparing to 2-bit and 4-bit SCCKM. The low cross-correlation of CCK codes (and in particular 8-bit CCK), considerably boosts their resistivity to both channel impairments and inter-antenna interference.
V. CONCLUSION SCCKM as a novel spatial modulation scheme based on different lengths of CCK modulation was proposed. It was expressed that CCK modulation profits from low crosscorrelation property which enhances its resistance to interference. This particularly mitigates the inter antenna interference and eases antenna synchronization in MIMO systems where all antennas can actively transmit at the same time instant. SCCKM was applied to a MIMO-OFDM system and its per- formance was compared to that of SM. SCCKM outperforms the SM by considerably lowering the BER at the same EbN0. In a MIMO system with more antennas at the receiver side, SCCKM results in notable BER reduction with starting BER being less than 10 −1 . The 8-bit SCCKM was also realized as the most promising SSCKM due to its cross-correlation properties.
